We have previously reported that COMP (cartilage oligomeric matrix protein) is prominent in cartilage but is also present in tendon and binds to collagens I and II with high affinity. Here we show that COMP influences the fibril formation of these collagens. Fibril formation in the presence of pentameric COMP was much faster, and the amount of collagen in fibrillar form was markedly increased. Monomeric COMP, lacking the N-terminal coiled-coil linker domain, decelerated fibrillogenesis. The data show that stimulation of collagen fibrillogenesis depends on the pentameric nature of COMP and not only on collagen binding. COMP interacts primarily with free collagen I and II molecules, bringing several molecules to close proximity, apparently promoting further assembly. These assemblies further join in discrete steps to a narrow distribution of completed fibril diameters of 149 ؎ 16 nm with a banding pattern of 67 nm. COMP is not found associated with the mature fibril and dissociates from the collagen molecules or their early assemblies. However, a few COMP molecules are found bound to more loosely associated molecules at the tip/end of the growing fibril. Thus, COMP appears to catalyze the fibril formation by promoting early association of collagen molecules leading to increased rate of fibrillogenesis and more distinct organization of the fibrils.
Connective tissues have specific characteristics and functional properties that depend on the extracellular matrix proteins present and their intermolecular interactions. Collagens I and II are the most abundant proteins in tendon and cartilage, respectively, having central roles in providing the tissues tensile strength. The properties of these fibril-forming collagens are attributable to the rodlike triple helical structure formed by the three ␣-chains constituting the collagen monomer. The dimensions of the mature collagen monomers are 300 ϫ 1.5 nm (1) . The molecules are produced as procollagens with propeptides at their N and C termini. Upon secretion into the extracellular matrix, these propeptides are removed by N-and C-proteinases, producing the native triple helical molecule with retained short telopeptides of only a few amino acids. Numerous such collagen molecules assemble laterally in a specific quarter stagger arrangement, initially organizing into microfibrils and subsequently forming fibrils (2) , with gap and overlap regions giving a D-periodic banding pattern of 67 nm (3) . The fibril also becomes stabilized by intra-and intermolecular covalent bonds (4, 5) . Fibril formation is divided into two steps, nucleation and fiber growth, which are sensitive to environmental factors such as pH and general ionic strength as well as specific ions (6) . Furthermore, nucleation appears to be accelerated by the collagen telopeptides (6) , although these are not essential for obtaining the quarter-staggered organization (7) .
Calculations for the most favorable constellation of collagen molecules deduce a circular arrangement of five molecules, producing a 4 -5-nm-wide assembly, a microfibril (8) . This is in agreement with in vivo studies, where intermediates are identified as being 8 nm in diameter when dehydrated (9) or 11 nm when hydrated (10) , assuming continued assembly from two 4-nm microfibrils.
There is a broad range of fibril diameters in tissues, organized such that thickness increases as one moves further from the cell surface (11) . Fibril thickness also varies with age, such that they are thinner in young tissue and thicker in old (12) . Several fibrils can organize into fibril bundles that further assemble into macroaggregates (13) .
Proteins present in the extracellular matrix, e.g. proteoglycans and other collagens, influence fibril growth and regulate fibril thickness. Collagen III (14, 15) and the proteoglycans decorin (16, 17) , fibromodulin (18, 19) , and lumican (20) regulate collagen I fibril formation, reducing fibril thickness. Recent data indicate that fibromodulin may have a catalytic effect on collagen I lateral growth, increasing the fibril thickness (21) . Collagen IX (22) , collagen XI (23) , and the proteoglycans decorin, fibromodulin, and lumican inhibit collagen II fibril formation, reducing fibril thickness (18, 19, 24) . More recently, it has been shown that the chondroitin sulfate side chains of perlecan, but not its heparan sulfate chains, will promote collagen fibrillogenesis in vitro. These chondroitin sulfate chains differ from those found on aggrecan, which are inert with regard to fibrillogenesis and essentially lack the incorporation of chondroitin sulfate E type oversulfated disaccharides (25) as found in perlecan chondroitin sulfate chains.
We now show that a third type of protein, COMP (cartilage oligomeric matrix protein) that is prominent in cartilage (26) as well as in pressure loaded parts of tendon (27, 28) , has a novel catalytic stimulatory effect on fibril formation of collagen I and II.
Structurally, COMP, also referred to as thrombospondin (TSP) 3 5, belongs to the TSP family (29) . The native protein incorporates five identical subunits (26, 30) , each of 86,650 Da (31) . The complex is assembled by formation of a coiled-coil domain close to the N terminus (32) and is further stabilized by disulfide bridges within this region. This domain is followed by a flexible region of four epidermal growth factor domains, a TSP type 3 (calcium-binding) domain, and a C-terminal globular domain (29) homologous to the one structurally characterized in thrombospondin 1 (33) .
Functionally, COMP binds via each C-terminal globule equally to one of four sites on collagens I and II with a K D of 1.5 nM for the single interaction. The binding depends on the presence of zinc ions (34) . COMP also interacts with collagen IX with high affinity (35, 36) . Similarly, other members of the TSP family show zinc ion-dependent interaction with fibrillar collagens. TSP 4, present in tendon, is found to interact via its C-terminal globules with collagens I, II, and III, with a K D of 4 -40 nM (37) . TSP 1, present in cartilage, binds to collagen I in a similar manner as COMP. 4 In young cartilage, COMP is primarily identified close to chondrocytes, whereas in adult cartilage the protein is found in the interterritorial region (38) .
COMP-deficient mice show no abnormalities and no change in skeletal development (39) . Therefore, the function of COMP may be connected to pathological events in cartilage because protein expression and turnover is markedly altered early in human osteoarthritis (40) .
Here we present data that demonstrate a novel role for COMP in catalyzing the assembly of collagen, promoting formation of well defined fibrils. COMP may have a role in collagen assembly in vivo, consistent with the localization of COMP to the pericellular/territorial matrix in growing individuals.
MATERIALS AND METHODS
Proteins-Native bovine adult COMP was purified and characterized as described previously (34) . Recombinant monomeric bovine COMP lacking the N-terminal domain, expressed in EBNA cells as previously described (35) , was a kind gift from Patrik Maurer (Institute for Biochemistry, the Medical Faculty, University of Cologne, Germany). Collagen I (Vitrogen100), isolated after pepsin digestion from bovine skin, was from Collagen Biomaterials (Palo Alto, CA). Collagen II was isolated after pepsin digestion from nasal cartilage according to a previously described procedure (24) . Acid-extracted collagen I was purified according to standard procedures previously described (24) .
Collagen Fibrillogenesis Assay-The fibrillogenesis of pepsin-extracted collagen I was monitored by change in turbidity at 400 nm at 3-min intervals for up to 500 min. Four times concentrated buffer (80 mM HEPES, 0.6 M NaCl, pH 7.4), COMP and 0.012 M NaOH (in a volume equal to neutralize the collagen solution) were mixed, and water was added to a final volume of 200 l. Collagen I in 0.012 M HCl was added, to a concentration of 100 g/ml, within 30 s before initiation of absorbance readings. Bovine pentameric COMP was added at molar ratios to collagen of 1:2 and monomeric COMP to collagen of 5:2, representing equivalent proportions of collagen-binding domains of COMP to collagen. The cuvettes were placed in a Beckman DU640 scanning spectrophotometer with a temperature controlled six-place cuvette chamber equilibrated to 37°C. Identical samples were incubated in 1.5-ml Eppendorf tubes at 37°C for 0, 5, 10, 20, 40, 80, 160, and 320 min. These samples were centrifuged at the times indicated following incubations at 13,000 ϫ g for 5 min to separate supernatant (molecules and fine networks) from the precipitate (fibrils), and both were used for further analyses.
The fibrillogenesis of pepsin-extracted collagen II was monitored by a change in turbidity at 313 nm with 5.5-min intervals for 1200 min. Four times concentrated buffer (80 mM HEPES, 0.6 M NaCl, pH 7.4), COMP, and 0.1 M NaOH (in a volume sufficient to neutralize the collagen solution) were mixed, and water was added to a final volume of 200 l. Collagen II in 0.1 M acetic acid was added to give a final concentration of 350 g/ml, ϳ30 s before initiation of absorbance readings. Bovine pentameric COMP was added at molar ratios to collagen of 1:1, 1:2, and 1:8. The cuvettes were placed in the Beckman DU640 scanning spectrophotometer with a temperature controlled six-place cuvette chamber equilibrated to 35°C.
The fibrillogenesis of acid-extracted collagen I was monitored by the change in turbidity at 400 nm over 90 min at 30°C. Collagen I stock in 0.1 M acetic acid was dialyzed against 12 mM HCl immediately prior to assay. Four times concentrated fibrillogenesis buffer (the same as used for pepsin-extracted collagen I) was mixed with COMP, water, and 0.012 M NaOH (at an equal volume of the collagen I solution) to give a final volume of 0.5 ml. Collagen I was added last to give a final concentration of 73 g/ml, and the mixture was transferred into prechilled quartz cuvettes. All of the solutions were degassed, and samples were handled on ice to avoid the formation of fibrils prior to assaying for fibrillogenesis. All other settings were identical to the conditions described above.
Hydroxyproline Quantification-Hydroxyproline quantification of pepsin-extracted collagen I in the supernatants and pellets from the fibrillogenesis experiments was done by measuring the hydroxyproline content after hydrolysis in 6 M HCl at 100°C for 24 h (41).
Enzyme-linked Immunosorbent Assay-The quantity of bovine pentameric COMP in the supernatants and pellets at different time points during fibrillogenesis of pepsin-extracted collagen I was analyzed by inhibition enzyme-linked immunosorbent assay. 96-well plates (Maxisorp TM ; Nunc) were coated overnight with 0.05 g/ml pentameric COMP in 4 M GuHCl, 50 mM Na 2 CO 3 , pH 10, in a humidified chamber and then coated with 2 mg/ml ovalbumin for 1 h.
The proteins in the supernatant of the fibrillogenesis assay were precipitated with ethanol and pelleted by centrifugation. The material thus recovered from the supernatant as well as obtained from the pellet after centrifugation of the sample was each dissolved in 200 l of 0.8% SDS, 0.14 M NaCl, 8 mM Na 2 HPO 4 , 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 3.1 mM NaN 3 , pH 7.4. Aliquots of pellets (10 l), supernatants (1 l), and standards were diluted in the incubation buffer to a final volume of 500 l and a final concentration of 0.8% SDS. The samples (110 l) and corresponding standards (0.0 -0.2 g/ml pentameric COMP) were mixed with an equal volume of polyclonal rabbit antibovine COMP (26) diluted, 1:800, in 4% Triton, 10 mM Na 2 HPO 4 , pH 7.4. The mixtures were incubated in triplicates in a 96-well plate (Sterilin TM ; Labsystem) overnight in a humidified chamber. The preincubated sample-antibody mixtures (200 l/well) were added to the coated plate, incubated for 1 h, and washed. Alkaline phosphatase-conjugated porcine antirabbit IgG (DAKO), diluted 1:2000 in 0.05% Tween, 0.14 M NaCl, 8 mM Na 2 HPO 4 , 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 3.1 mM NaN 3 , pH 7.4, supplemented with 2 mg/ml bovine serum albumin was added and incubated for 1 h, and the plates were washed. Bound conjugate was determined by measuring enzyme activity with substrate (1 mg/ml p-nitrophenyl phosphate) in 1 M diethanolamine, 0.5 mM MgCl, 3.1 mM NaN 3 , pH 9.8. An immediate zero reading at 405 nm in a microtiter plate reader (Multisoft TM ; Labsystem) was followed by a final reading after 1 h of incubation. The concentrations of bovine pentameric COMP in the supernatants and pellets were calculated from the standard curve.
Electrophoresis and Western Blotting-To estimate the amounts of pepsin-extracted collagen I and bovine pentameric COMP in the supernatant and pellet at different times of fibrillogenesis, we used SDS-polyacrylamide gel (8%) electrophoresis (42) . The gels were subjected to silver staining (43) or Western blotting (44) . COMP in blots was detected with a polyclonal rabbit anti-bovine COMP (26), diluted 1:1000 in 10 mM TrisHCl, 0.15 M NaCl, 0.2% Tween, pH 7.4, supplemented with 3% w/v milk powder. After incubation for 1 h, the membranes were washed and incubated for 1 h with horseradish peroxidase-conjugated porcine anti-rabbit IgG (DAKO), diluted 1:1000 in the same buffer as the first antibody. Bound enzyme was detected with an ECL kit (Amersham Biosciences) with the film exposed for 2 as well as 20 min.
Surface Plasmon Resonance Assay-The BIAcore TM 2000 system (BIAcore AB, Uppsala, Sweden) was used to characterize the interaction between COMP and collagen I monomers and collagen I fibrils, respectively. A C1 Pioneer sensor chip (BIAcore AB) presenting a carboxymethylated surface without dextran was activated with 40 l of a mixture of 50 mM N-hydroxysuccinimide and 200 mM N-ethyl-NЈ-(dimethylaminopropyl)carbodiimide. Pentameric COMP (25 g/ml in 40 l in 10 mM sodium citrate, pH 3.0) was immobilized at 25°C at a flow of 5 l/min. As a control, one surface underwent the coupling procedure without any protein coupled to it. Blocking of remaining activate groups was achieved subsequently by 40 l of 1 M ethanolamine in 0.1 M NaHCO 3 , 0.5 M NaCl, pH 8.3. Approximately 300 resonance units of pentameric COMP were immobilized, where 1000 resonance units correspond to around 1 ng/mm 2 of protein (45) . Collagen I molecules at 40 g/ml or collagen I fibrils at 68 g/ml in 20 mM HEPES, 0.15 M NaCl, pH 7.4 (HBS) containing 0.05 mM ZnCl 2 were injected at a continuous flow of 80 l/min. The surface was regenerated with 5 mM EDTA in HBS. Collagen I fibrils were prepared as described under "Collagen Fibrillogenesis Assay" and obtained when turbidity reached the final plateau. The fibril containing sample was equilibrated to room temperature and centrifuged at 13,000 ϫ g for 5 min to separate supernatant (molecules and fine networks) from the pellet (fibrils). The fibrils were suspended in HBS and sonicated for 30s using a Branson sonicator. They were immediately analyzed by negative staining and electron microscopy. After 1 h of equilibration, the fibrils were taken to binding studies in the BIAcore or centrifuged again to measure the collagen I molecule and fibril content by hydroxyproline analysis as described above.
Gold Labeling of COMP-Colloidal gold was prepared as described previously (46) . AuCl 4 was reduced by KSCN to give a particle diameter of 3.4 nm Ϯ 15%. The gold particle solutions were added at a molar ratio of 1 gold to 2 COMP.
Electron Microscopy-Fibril-containing samples of pepsinextracted collagen I from several time points (0, 10, 20, 160, and 320 min), as well as collagen II samples from three different time points (0, 5, and 320 min), obtained from fibril formation assays in the presence and absence of bovine pentameric COMP, were visualized by negative staining and analyzed using electron microscopy. Samples containing 100 g/ml collagen in HBS were adsorbed for 1 min onto carbon-coated grids, which were rendered hydrophilic by glow discharge at low pressure in air beforehand, briefly washed with water, and stained with 0.75% (w/w) uranyl formate in water. The samples were observed in a Jeol 1200 EX electron microscope operated at 60 kV accelerating voltage. Evaluations of the data from electron micrographs were done as described previously (47) . In each sample, 200 -300 fibrils were measured.
Statistics-The results in Fig. 5 are expressed as the mean values Ϯ S.D. Differences between distributions of collagen fibril diameters in the absence (ϪCOMP) or presence of COMP (ϩCOMP) were analyzed by the two-tailed test for differences between means. The following a priori null hypothesis was tested; COMP does not influence collagen fibril diameter. The null hypothesis was rejected, and statistical significance was assumed when p Ͻ 0.05.
RESULTS
Spectrophotometric Measurements-Bovine pentameric COMP accelerated and enhanced the fibril formation of pepsin-extracted collagens I (Fig. 1A) and II (Fig. 1B) . This was visualized as a reduction in the lag phase from 100 min for the pepsin-extracted collagen I (Fig. 1A, curve a) to 10 min in the presence of bovine pentameric COMP (Fig. 1A, curve b) . Also, fibril formation appeared considerably more efficient in the presence of the pentameric COMP complex with a 2.5 times higher final turbidity. In contrast, fibril formation in the presence of monomeric COMP showed a prolonged lag phase of as much as 200 min. Furthermore, the addition of monomeric COMP in equimolar amounts to the concentration of monomers found in the pentameric complex (Fig. 1A, curve a) led to considerably lower levels of stimulation (Fig. 1A, curve c) . Fibrillogenesis of pepsinized collagen II was accelerated by pentameric COMP. The lag phase was almost eliminated, and the final turbidity increased by a factor of two, indicating that a larger proportion of collagen formed fibrils (Fig. 1B, curve d) . Collagen II alone had a lag phase of 150 min (Fig. 1B, curve a) . The addition of a 1:8 relative molar concentration of COMP to collagen II reduced the duration of the lag phase to 75 min.
Indeed, the addition of higher relative concentrations of COMP led to further decrease in duration of the lag phase (10 min and complete abolishment, respectively).
In a complementary set of experiments, the effects of addition of COMP to collagen I with retained telopeptides purified from tendon was investigated (Fig. 2) . As previously observed (6, 24) , fibrillogenesis was more efficient with this collagen and could be performed at the lower temperature of 30°C and was considerably faster. Interestingly, in this case the lag phase was somewhat prolonged, whereas the final turbidity was doubled in the presence of COMP. The effects were dose-dependent and increased with a maximal effect at a molar ratio of collagen to COMP of 5:1 ( Fig. 2A) . Further increasing the relative amount of COMP lead to a decreased stimulatory effect, evident as an only moderate increase in turbidity at the final plateau (Fig. 2B) .
Measurements of Collagen-Collagen I present in the supernatant and in the pellet after fibril formation and centrifugation at different time points was quantified by hydroxyproline assay (Fig. 3a) and estimated by SDS-PAGE (Fig. 3, b and c) . The amount of collagen fibrils correlated with the increase in turbidity measured at 0, 5, 10, 20, 40, 80, 160 and 320 min. When pentameric COMP was included in the fibril forming system, ϳ30% of the total collagen I was recovered in fibrils at 320 min (Fig. 3a, solid line) , compared with ϳ20% in the absence of pentameric COMP (Fig. 3a, dashed line) . These results corroborated with results from SDS-PAGE (Fig. 3, b and c) . In the presence of pentameric COMP, the amount of collagen molecules was lower in the supernatant (Fig. 3b) and increased in the pellet (Fig. 3c) following incubation time.
Measurements of COMP-To determine the amount of pentameric COMP in the collagen I precipitates, we analyzed the samples by Western blotting (Fig. 3, d and e) and by inhibition enzyme-linked immunosorbent assay. The immunoassay shows that, at most, 2.5% of the total pentameric COMP was recovered with the collagen I at 0, 5, 10, 20, 40, 80, 160, and 320 min (Fig. 3a, dotted line) . Western blotting verified that almost no COMP was recovered with the collagen fibril precipitate, in spite of the 10 times longer exposure of the film to enhance detection (Fig. 3e) . The vast majority of COMP was identified in the supernatant (Fig. 3d) together with partially assembled collagen fibrils. The low levels of COMP observed in the fibril preparation may result from retention of a small volume (ϳ 5 l) of supernatant with the pellet. It may also result from a small proportion of COMP interacting with the tip of the collagen fibrils (see below).
FIGURE 1. Pentameric COMP increases the rate and efficiency of collagens I and II fibril formation.
A, pepsin-extracted collagen I, 100 g/ml in 20 mM HEPES, 0.15 M NaCl, pH 7.4, was incubated at 37°C (a). Bovine pentameric COMP was included at a molar ratio to collagen of 1:2 (b), and monomeric COMP was included at a molar ratio to collagen of 5:2 (c). Buffer was used as blank (d). Turbidity readouts were taken by measuring the optical density at 400 nm at 3-min intervals for 500 min in 14 separate experiments for pentameric COMP and 3 for monomeric COMP. B, pepsinextracted collagen II, 350 g/ml in 20 mM HEPES, 0.15 M NaCl, 0.02 M sodium acetate, pH 7.4, was incubated at 35°C (a). Bovine pentameric COMP was included at molar ratios to collagen of 1:8 (b), 1:2 (c), and 1:1 (d). Buffer was generally used as blank (e) because in a control experiment (not shown) COMP alone showed no alteration in absorbance (Abs) over time. The optical density was measured at 5.5-min intervals for 1200 min in three separate experiments at 313 nm. 
COMP Binds Collagen Monomers but Not Mature Fibrils in Surface Plasmon
Resonance Assay-Pentameric COMP immobilized to the chip-bound pepsin-extracted collagen I monomers with a maximum of ϳ175 resonance units (Fig. 4, top  curve) . Monomeric COMP showed identical results (data not shown). No significant binding of COMP, i.e. less than 20 resonance units, was observed with preformed fibrils (Fig. 4, bottom curve) . The fact that there is a slight binding with the fibrils most likely is a result of a low level of collagen monomers and/or very early microfibrils in the sample, because this is a noncovalently stabilized aggregate. Hydroxyproline assay analysis of collagen fibrils from the pellet and nonfibrillar collagen from the supernatant shows that some 12% in the sample injected was in monomeric or a small aggregate form.
COMP-Collagen Interactions by Electron
Microscopy-Goldtagged pentameric COMP (labeled with colloidal gold at its N-terminal part (Fig. 5a) ) was visualized bound in early networks of collagen molecules (Fig. 5b) . In contrast, COMP was not associated with the mature, D-periodic collagen I and II fibrils at 320 min (Fig. 5, c and d) . A portion of the gold-labeled COMP associated with immature collagen microfibrils adjacent to or extending from collagen fibrils (Fig. 5, c and d) and with the tip/end of the growing fibrils (Fig. 5e) . Control experiments demonstrated that gold labeling did not alter the activity of the labeled COMP in fibril formation experiments (data not shown).
Fibril Assembly in the Presence and Absence of COMP Visualized by Electron
Microscopy-Initially, pentameric COMP bound via its C terminus at one of the known four sites on collagen I as shown previously (34) (not shown). Early in the experiment, the collagen molecules assemble into loose networks consisting of COMP molecules and very thin fibrils (Fig.  6, panels b, arrow, and B) . The fibril diameters doubled within the first 10 min (Fig. 6, panels d and D) . At 20 min the fibrils started to show D-periodicity, and their diameter had increased six times, as compared with the earliest assemblies (Fig. 6,  panels f and F) . Subsequently, the fibrils increased in diameter, in an apparent stepwise manner becoming up to 15 times larger than initial assemblies. The periodicity remained the same as in native fibrils (Fig. 6, panels h and H) . At 160 min, most fibrils had dimensions equal to the fibrils at 320 min. A single population of fibrils demonstrating a narrow size distribution was observed at 320 min (Fig. 6, panels j and J) .
Collagen I fibrils formed without COMP presented a different organization. At the start, single collagen I molecules were found, but no network (Fig. 6a) . As the process continued the collagen monomers assembled into fibrils (Fig. 6c ) that increased in diameter by lateral fusion (Fig. 6e) producing somewhat thicker, but less distinct fibrils than in the presence of COMP (Fig. 6, C and E) . Later, the fibrils increased their diameter three times compared with the starting point (Fig. 6,  panels g and G) . At 320 min, the fibrils started to show D-periodicity, and their diameter displayed a broad spectrum of sizes (Fig. 6I) . The D-periodicity of 67 nm was the same for the fibrils with and without COMP.
DISCUSSION
The properties of collagen fibrils as well as interactions at the fibril surface are essential for tissue formation and integrity. Collagen I (100 g/ml in 20 mM HEPES, 0.15 M NaCl, pH 7.4) was incubated for 320 min at 37°C. Pentameric COMP was included at a molar ratio of 1:2 (COMP:collagen I). The collagen I content, in the presence (a, solid line) and absence (a, dashed line) of pentameric COMP, was determined by hydroxyproline assay after 0, 5, 10, 20, 40, 80, 160, and 320 min of the supernatant and pellet obtained after centrifugation at 13,000 ϫ g for 5 min. The values represent percentages of hydroxyproline in the pellet compared with hydroxyproline in total (pellet and supernatant). The same samples were analyzed by 8% SDS-PAGE. Collagen I bands representing one (100 kDa), two (200 kDa), and three ␣-chains (300 kDa) (arrows in b), were detected in the supernatant (b) and with increased intensity in the pellet (c) when fibril formation was performed in the presence of pentameric COMP. In the absence of pentameric COMP, there was no detectable difference in intensity of the collagen I bands between supernatant samples and pellet samples, respectively, as identified by SDS-PAGE (data not shown). The same samples were analyzed for COMP by Western blotting after 8% SDS-PAGE. COMP, after reduction, appeared as a band of ϳ100 kDa obtained from the supernatant (d), whereas only a trace amount was detectable in the fibril-containing pellet, even after 10 times longer exposure (e). Pentameric COMP immobilized on a C1 sensor chip was allowed to interact with collagen I molecules (top curve), 40 g/ml, or collagen I fibrils (bottom curve), 68 g/ml. The samples were diluted with 20 mM HEPES, 0.15 M NaCl, 0.05 mM ZnCl 2 , 0.005% Tween, pH 7.4, before the injection, and 40 l was injected at a flow rate of 80 l/min.
Several macromolecules in the extracellular matrix bind to triple helical collagen domains, particularly of the fibril-forming collagens I and II, and influence their assembly as well as contributing to their properties by binding to the surface of mature fibers (48) .
One example of a group of proteins that bind to collagen and therefore potentially influence fibrillogenesis is the TSPs. Collagen binding has been most extensively studied for COMP (cartilage oligomeric matrix protein, or TSP5), a molecule with five identical subunits that each show zinc-dependent binding to collagen with a dissociation constant in the nanomolar range (34) . Although there are four rather evenly distributed binding sites along the collagen molecule, each pentameric COMP molecule can bind only to one of the four sites (34) .
Our present investigation shows that COMP promotes fibrillogenesis of collagens I and II in a catalytic manner. The studies were performed at low collagen concentrations with relatively inefficient fibrillogenesis to focus on stimulatory effects by the added COMP.
As a first step, COMP bound up to five collagen molecules, retaining them in close proximity. Thereby COMP facilitated collagen-collagen interactions and microfibril formation. An organization of the collagen molecules in precursors of pentamers is in line with previous concepts in the literature (8, 49) . Monomeric COMP, lacking the capacity for cross-bridging, inhibited fibrillogenesis, probably by blocking sites, possibly by steric hindrance, required for the collagen-collagen interactions in analogy to many other collagen binding molecules.
In a second step, COMP also influenced the subsequent assembly of the early intermediate fibrillar structures. Initially formed filaments doubled in diameter and subsequently associated into a four to five times thicker intermediates, which then appeared to merge into twice as thick fibrils.
It is apparent that lateral associations of formed fibril intermediates in distinct steps had an important role in assembly. Because COMP was neither observed associated with crossstriated fibrils nor recovered with precipitated fibrils, it is reasonable to suggest that the role of COMP in fibril formation is restricted to early stages of fibril formation. Further assembly may then be guided by the organization of these intermediate fibrils.
In support, fibril assembly in the absence of COMP proceeded in less distinct steps with a very broad range of dimensions observed for the end point fibrils.
The diameters of the intermediates formed in the presence of COMP were comparable with those previously observed in tissues for collagen I (12, 21, 50) and for collagen II (11, 23, 51, 52) .
The mechanisms driving release of COMP from the collagen fibrils are not clear. One may hypothesize that the lateral interactions of the collagen molecules result in a minor conformational change that is sufficient to change the binding affinity of COMP to collagen. Another possibility is competition for particular binding sites or steric hindrance. It is noteworthy that COMP demonstrated binding at the tip/end of fibrils, where the exposure of the collagen molecular surface is different as compared with sites along the shaft of the fiber. COMP at this location may have roles in regulating further fiber assembly by cross-bridging to neighboring fibrils, thereby regulating their association in both lateral and longitudinal growth. Unfortunately, limitations introduced by materials and methods prevented measurement of the length of collagen fibrils. They were very long, and it was not possible to define where a particular fiber continued and/or a new started.
The telopeptides of the collagen molecule have been shown to influence fibrillogenesis in vitro (6, 53) . However, the stimulatory effect observed upon the addition of COMP was prominent also with the acid-extracted collagen with retained telopeptides. The mechanism for the longer lag phase observed is not answered by the present study. The turbidity read-out used is not sensitive to the earliest phases of fibril formation, and as shown by the electron micrographs from the very early stages, there is considerable complex formation without increased turbidity. Another variable is that acid-extracted collagen preparations invariably contain small amounts of higher order complexes that may affect fibril formation. Interestingly, stimulation of collagen fibrillogenesis showed increase with the amount of COMP relative to collagen up to a maximum of 1:5 and then decreased upon further increased relative proportion of COMP. This result is quite consistent with a model where COMP cross-bridges between collagen molecules at lower relative proportions. The optimum of a five times molar ratio of collagen is constituent with the pentavalent nature of COMP and the fact that a single COMP molecule cannot engage more than one binding site/collagen molecule (34) . This may be of relevance because a pentameric intermediate has been suggested in collagen fibrillogenesis (49). When the relative amount of COMP was further increased to approach saturation of individual binding sites by single molecules, the cross-bridging effect appeared to be gradually abolished, and stimulation of fibril formation was progressively reduced. Previous data has shown that COMP binding to collagen is the same for procollagen, acid-extracted, and pepsin-extracted collagen, such that the various forms bind COMP similarly (34) .
COMP binding to collagens I and II is enhanced in the presence of Zn 2ϩ (34) . Zinc, however, was not added to the fibril-forming collagen mixture in the shown experiments because it may compromise the fibrillogenesis by preventing association of the collagen molecules in a dose-dependent manner. Already at concentrations of 1 M Zn 2ϩ , there is a considerable effect shown by turbidity and electron microscopy. 5 The actual free concentration of Zn 2ϩ in body fluids appears to be below the nanomolar range, and values of 10 Ϫ10 M have been reported (54) . In experiments to delineate additional effects of physiological concentrations of critical divalent ions, we could show that the addition of 10 nM zinc plus 1.2 mM calcium, representing a qualified estimate of the physiological free concentrations of the ions, showed no influence by the ions on the effect of pentameric COMP on fibril formation (data not shown). In the present investigation, COMP binds collagen despite the fact that zinc was not added. It is likely that there is sufficient zinc present in the COMP to allow binding. It appears that zinc has dual functions. It may preserve collagen in a monomeric form by preventing collagen-collagen interactions. Another function may be to maintain a specific conformation of COMP for collagen binding. In support, adding EDTA to the fibril-forming system (data not shown) eliminated the effects of added COMP and abolishes collagen binding (34). The role of COMP in fibrillogenesis may be duplicated by the other thrombospondins. Thrombospondins 3 and 4 have a pentameric conformation and are likely to have similar effects. It has been shown that thrombospondin 4 binds collagen in a zinc-dependent manner similar to COMP (37) . With regard to thrombospondins 1 and 2, it is not clear whether their trimeric nature with fewer binding sites will result in a different effect on collagen fibrillogenesis.
